Hydrogels have been commonly used as model systems for 3-dimensional (3-D) cell biology, as they have material properties that resemble natural extracellular matrices (ECMs), and their cell-interactive properties can be readily adapted in order to address a particular hypothesis. Natural and synthetic hydrogels have been used to gain fundamental insights into virtually all aspects of cell behavior, including cell adhesion, migration, and differentiated function. However, cell responses to complex 3-D environments are difficult to adequately explore due to the large number of variables that must be controlled simultaneously. Here we describe an adaptable, automated approach for 3-D cell culture within hydrogel arrays. Our initial results demonstrate that the hydrogel network chemistry (both natural and synthetic), cell type, cell density, cell adhesion ligand density, and degradability within each array spot can be systematically varied to screen for environments that promote cell viability in a 3-D context. In a test-bed application we then demonstrate that a hydrogel array format can be used to identify environments that promote viability of HL-1 cardiomyocytes, a cell line that has not been cultured previously in 3-D hydrogel matrices. Results demonstrate that the fibronectin-derived cell adhesion ligand RGDSP improves HL-1 viability in a dose-dependent manner, and that the effect of RGDSP is particularly pronounced in degrading hydrogel arrays. Importantly, in the presence of 70 mM RGDSP, HL-1 cardiomyocyte viability does not decrease even after 7 days of culture in PEG hydrogels. Taken together, our results indicate that the adaptable, array-based format developed in this study may be useful as an enhanced throughput platform for 3-D culture of a variety of cell types.
Introduction
A variety of recent studies demonstrate the importance of 3-dimensional (3-D) cell culture formats in fundamental cell biology [1] [2] [3] . Hydrogels have been particularly prevalent model systems, as they have material properties that resemble natural extracellular matrices (ECMs), and their cell-interactive properties can be readily adapted to address a particular hypothesis. Therefore, natural and synthetic hydrogels have been used to gain fundamental insights into virtually all aspects of cell behavior, including cell adhesion [4] , migration [5] , and differentiated function [6, 7] . A broad conclusion of these previous studies is that cell behavior in a 3-D context is strongly dependent on local ECM cues, particularly cell adhesion ligands, soluble or immobilized growth factors, mechanical properties, and degradability. In addition, cellular responses to ECM signals are context-dependent, as signals presented in a 3-D context differ significantly from those presented in traditional 2-D cell culture. For example, Yamada and coworkers have shown that focal adhesion formation during cell-ECM adhesion is mechanistically different in naturally derived 3-D hydrogels when compared to protein-coated tissue culture polystyrene (TCP) substrates [4] . Other recent studies specifically implicate 3-D ECM signals as key regulators of carcinogenesis [8, 9] , hematopoiesis [10] , and neurogenesis [11] . Based on these studies and others, there is a clear need for hydrogel matrix formats in which cells can be exposed to controllable 3-D signaling environments.
Hydrogel-based biomaterials have also emerged as an important component of several tissue engineering strategies, which aim to regenerate natural tissue structure and function using combinations of materials, cells, and soluble signals [12, 13] . Recent hydrogel design strategies have focused on exposing cells to specific ECM-derived signals, such as cell adhesion ligands, and characterizing their influence on cell behavior [14, 15] . A subset of these approaches has attempted to achieve control over the cell's environment by using a ''blank slate'' base material that can present specific biological moieties while avoiding non-specific interactions with other molecules such as serum proteins. Notable examples of blank slate materials include poly(ethylene glycol) (PEG) [14, 16, 17] , agarose [18] , and alginate [12] hydrogels. PEG chains derivatized on each end with vinyl-containing functional groups have been a particularly prevalent base polymer, as they can be readily processed into a cell-laden hydrogel network via photocrosslinking [7, 19] and can be derivatized via simple chemistries to generate networks that contain ECM-derived signals [20, 21] . These properties have led to the widespread use of PEG hydrogels as matrices to support tissue formation by various cell types, including osteoblasts [22] , chondrocytes [23, 24] , neural cells [6] , and multiple stem cell types [7, 17, 25, 26] . For example, in a series of studies Anseth and coworkers have used PEG-based hydrogels to demonstrate that 3-D cartilage formation is influenced by ECM chemistry [27] , mechanics [23] , and degradation [28, 29] . Based on these studies it is clear that ECM signals strongly influence tissue formation in 3-D matrices, and that control over the identity and quantity of ECM signals is vital in tissue engineering approaches.
Although investigators have gained valuable insights from cell culture and tissue engineering studies using 3-D hydrogels, previous approaches have typically been capable of exploring the effects of a limited range of ECM signals. It is impractical to characterize the effects of widely varying quantities of a particular ECM signal or to determine the effects of several simultaneous signals due to the extensive analysis time and material costs required. This is a significant limitation, because broad ranges of ECM signal quantities and complex signal combinations are routinely presented to cells in vivo [14] and are likely to be important in both 3-D cell culture and functional tissue engineering applications in vitro. Investigators have recently begun to address this limitation by creating micro-scale hydrogels containing viable cells [30] . Photolithographic methods have been used to generate spatially patterned hydrogel structures, in which distinct regions contain specific cell types [31] , cell adhesion ligands [32] or ECM chemistries [33, 34] . For example, Pishko and coworkers have used photopolymerization within channels [35] or spots [32] to generate PEG microstructures, and demonstrated that multiple mammalian cell types remain viable in spatially patterned hydrogels for up to 7 days. Other recent studies have used microfluidic systems to generate cell-laden peptide-based hydrogels [36] . Taken together, these studies have demonstrated that it is possible to generate spatially patterned cell-laden hydrogel ''arrays'', and these array formats provide a promising platform to enhance the throughput of 3-D cell culture studies. However, previous approaches often involved complex or specialized methods, which are not readily adaptable to explore broad ranges of ECM properties. For example, the aforementioned approaches each used photopolymerization and/or laminar flow to generate hydrogel arrays, and the ECM chemistries and size scales that can be explored using these techniques may be limited. An ideal 3-D cell culture system would allow for simple, systematic variation of important cell culture parameters, which include ECM chemistry, ECM mechanical properties, cell adhesion ligand type and density, cell type and seeding density, soluble signal type and concentration, and ECM degradability.
Here we describe an adaptable, automated approach for 3-D cell culture within hydrogel arrays. To assemble arrays we first generate a hydrogel ''background'' containing cylindrical spots, which are then filled with combinations of cells, materials, and biological molecules using an automated liquid handling robot. Relative to previous methods, this approach is simple, rapid, and readily adaptable. Results presented here demonstrate that the cell type, cell density, cell adhesion ligand density, ECM chemistry, and ECM degradability in each array spot can each be varied independently.
As a test-bed application of this approach, we explored the influence of broad ranges of 3-D ECM signals on viability of HL-1 cardiomyocytes. These cells represent a well-characterized model for cardiomyocyte behavior [37] , but they have not been cultured in 3-D hydrogel matrices in previous studies. Therefore, results of these studies provide new insights into the factors that may influence cardiomyocyte viability in 3-D matrices. The hydrogel arrays described herein may be useful as a general, adaptable platform to study the influence of various ECM parameters on cell behavior with enhanced throughput.
Materials and methods

Preparation of synthetic PEG hydrogel arrays
Poly(ethylene glycol) with molecular weights of 8 kDa and 20 kDa were purchased from Sigma-Aldrich. The synthesis of PEG-diacrylate (PEGDA) was performed as described elsewhere [38, 39] . PEGDA hydrogels were prepared by first mixing 10 wt% PEGDA and 0.05% w/v photoinitiator Irgacure 2959 (I2959, BASF, Ludwigshafen, Germany) in PBS (Fisher), to create the hydrogel ''precursor solution''. This solution was added to a Teflon mold containing 16 cylindrical posts (1 mm diameter, 1.25 mm depth), and crosslinked via exposure to UV radiation (l ¼ 365 nm, intensity ¼ 4.5 mW/cm 2 ) for 5 min (Fig. 1 ) to form the hydrogel ''background''. Upon removal from the mold, the resulting PEG hydrogel networks contained an array of 16 spots. These spots were then filled with the aforementioned precursor solution, along with various cell types included at a concentration of 1 Â10
6 cells/ml unless otherwise stated. In experiments in which cells were included, PBS was replaced by serum free medium during hydrogel preparation and all solutions were passed through a 0.22-mm filter (Fisher) for sterilization.
In some experiments PEG hydrogel arrays were designed to degrade hydrolytically over time using an approach described elsewhere [39] . Briefly, 8 kDa PEGDA chains were reacted with variable amounts of dithiothreitol (DTT, Fisher Scientific) to form water-soluble, acrylate-terminated (PEG-DTT) n -PEG conjugates. These conjugates were then incorporated into the photo-crosslinking procedure described above to create PEG hydrogels with ''DTT bridges'' included. The ester bonds proximal to thioether linkages in these DTT bridges degrade hydrolytically. Thus, the degradability of (PEG-DTT) n -PEG networks is dictated by the total amount of DTT incorporated, which can be readily varied as demonstrated in a previous study [39] . Hydrogels containing DTT bridges are referred to as ''degradable'' networks in subsequent sections of this manuscript, while hydrogels without DTT are referred to as ''non-degradable''.
In some experiments, acrylate-terminated PEG chains or (PEG-DTT) n -PEG conjugates were reacted with a fibronectin-derived cell adhesion ligand, CGGRGDSP, to generate cell-interactive hydrogel networks. In these experiments a 10Â excess of acrylate-terminated PEG chains (M w ¼ 8 kDa) or (PEG-DTT) n -PEG conjugates were incubated with a CGGRGDSP peptide at 37 C for 90 min in PBS to allow for Michaeltype addition of the cysteine sulfhydryl group to the acrylate group, as described previously [39] [40] [41] . The resulting solutions contained PEG-diacrylate and acrylate-PEG-CGGRGDSP molecules that were subsequently photo-crosslinked to form cell-interactive hydrogel networks.
Preparation of natural hydrogel arrays
PEG hydrogel arrays containing wells loaded with type I collagen hydrogels were prepared manually in a similar manner to the manually prepared PEG arrays. Briefly, PEG hydrogel backgrounds prepared with 8 kDa PEGDA (10 wt%) were pre-swelled in Dulbecco's Modification of Eagle Medium (DMEM). Cell-laden collagen gels were created using an established protocol, altered only to produce a final concentration of collagen of 2 mg/ml [42] . The medium was first removed from PEG hydrogel background wells via aspiration, and type I collagen solutions containing 1 Â10
6 cells/ml (unless otherwise noted) were then added to array wells and allowed to gel at 37 C for 2 h. Cell-containing type I collagen solutions were kept on ice prior to the formation of array spots to avoid spontaneous gelation.
Physicochemical characterization of hydrogel arrays
2.3.1. Fluorescein-labeled PEGDA interpenetration into the hydrogel array background In order to characterize the linkage between the array spots and the background hydrogel we first characterized the extent of interpenetration of PEGDA into the array background during formation of an array spot. We first synthesized PEG chains covalently linked to cysteine-fluorescein conjugates. These conjugates were prepared using standard Fmoc solid phase peptide synthesis techniques on a C36s automated peptide synthesizer (CS Bio, Menlo Park, CA) to link 5(6)-carboxyfluorescein to the N-terminus of an Mtt-protected cysteine residue (Novabiochem, San Diego, CA), followed by cysteine deprotection and resin cleavage. The resulting cysteine-fluorescein conjugates were dried under a nitrogen stream, lyophilized, and treated with tris(2-carboxyethyl)phosphine (TCEP) (Pierce, Rockford, IL), 150 mM NaCl and 20 mM NaPO 4 (pH 8.0) at 50 C for 30 min to reduce disulfide linkages between cysteine residues. The cysteine-fluorescein conjugates were incubated with 8 kDa PEGDA at a 1:10 molar ratio in PBS for 30 min to achieve Michael-type addition of sulfhydryl groups on cysteine to terminal acrylate groups on PEGDA chains. The product was then placed in 3500 MWCO SnakeSkin dialysis tubing (Pierce, Rockford, IL) and dialyzed to remove TCEP and unreacted cysteinefluorescein conjugates. Fluorescein-cysteine-PEG-acrylate conjugation was then confirmed via MALDI-TOF Mass Spectrometry (Bruker, Billerica, MA) (see Supplementary data, Fig. S1 ).
We next used acrylate-terminated PEG-cysteine-fluorescein conjugates to measure the extent of interpenetration of PEGDA chains into the hydrogel array background during the formation of an individual array spot. Conjugates were suspended in PBS with photoinitiator (0.05% w/v I2959), pipetted manually into a well in a PEG hydrogel array background prepared with 8 kDa PEGDA, allowed to interpenetrate for a typical array preparation timeframe (2.5 min), and the polymer solution was removed from the well. The background arrays were then exposed to UV light for 5 min to crosslink the interpenetrated polymer, placed in PBS, and stored in a cell culture incubator. Fluorescent micrographs were captured 0.5, 1, 2, 4, 8, and 15 days post-interpenetration and analyzed using ImageJ software (NIH Freeware, Bethesda, Maryland).
Swelling ratio and mesh size determination
After polymerization, gels were placed in a 2-ml PBS solution and incubated at 37 C for 24 h. Gels were weighed (wet weight, w s ), then incubated in DI water to remove buffer salts, lyophilized for 48 h and weighed again (dry weight, w d ). Three replicates of each PEG molecular weight were used. The mass equilibrium swelling ratio (Q m ) was calculated according to the equation:
Degradation of degradable PEG hydrogel arrays was characterized by measuring their equilibrium swelling ratio after various incubation times in PBS, as described previously [39] .
Biological characterization of hydrogel arrays
2.4.1. Cell culture hMSCs (Cambrex Bio Science, Walkersville, MD, passages 5-6) were cultured in Mesenchymal Stem Cell Growth Medium (Cambrex). HUVECs (Cambrex, Walkersville, MD, passages 11-12) were cultured in an endothelial cell growth medium (Cambrex). NIH/3T3 mouse fibroblasts (passages [24] [25] [26] were cultured in DMEM (Mediatech, VA) supplemented with 5% cosmic calf serum (HyClone) and 3.7 g/l NaHCO 3 (ACROS Organics, NJ). HL-1 cells were cultured in Complete Claycomb Medium (SAFC Biosciences, KS). All media were supplemented with 100 units/ml of penicillin/streptomycin. Cell cultures were maintained at 37 C/5% CO 2 and the media were replaced every 3-4 days.
Cell seeding within PEG hydrogel arrays
Cells were photoencapsulated in a 10 wt% polymer solution (final concentration) in serum free media at a seeding density of 1 Â10 6 cells/ml, unless otherwise stated.
The cell/polymer solution (1 ml) was pipetted in the wells of the hydrogel array either manually using a 0.2-10-ml pipetteman (Eppendorff, Hamburg, Germany) or automatically using a Gilson automated liquid handler (Model: 223 Sample Changer) and 'Trilution LH version 1.2' control software (Gilson, Inc.). Upon ultraviolet light exposure for 3 min, PEG-based hydrogels were crosslinked and cells were physically entrapped within the networks. The arrays were placed in media appropriate for each cell type (described above) and cultured at 37 C and 5% CO 2 , replacing media every 2-3 days.
Cell viability within hydrogel arrays
After photoencapsulation, the arrays were removed from culture at various time points (1-14 days) and were stained using the live/dead assay (Molecular Probes) according to the manufacturer's instructions. This assay identifies esterase activity in live cells via green fluorescence emission from calcein AM and nuclear permeability in dead cells via red fluorescence emission from ethidium homodimer-1. Arrays were analyzed using an inverted, compound fluorescence microscope (IX51, Olympus). Cell viability was visualized and the total percentage of viable cells was determined by manual analysis of live and dead cells in photomicrographs for at least 10 images per condition. In some conditions, cell morphology in hydrogel array spots was also characterized qualitatively using the same inverted microscope operating in brightfield mode.
Statistical analysis
The results are expressed as mean AE standard deviations for at least 4 samples per condition. Differences between data sets were assessed by one-way ANOVA analysis. In some cases, Tukey's two-way analysis was performed using the R software package (Freeware, http://www.r-project.org/). Regardless of the test, a p-value of less than 0.05 was considered as a statistically significant difference.
Results
Formation of synthetic hydrogel arrays
Hydrogel arrays can be formed via both manual and automated processes, and the physical properties of hydrogels in each spot in the hydrogel array can be varied. To explore the connectivity of synthetic hydrogel array spots to the background hydrogel, we first performed a set of experiments with fluorescently labeled 8 kDa PEG-acrylate. This fluorescently tagged molecule was included in a 10% (w/v) solution of PEGDA with photoinitiator, added to a well of a hydrogel array, and crosslinked via exposure to UV radiation, as detailed in Section 2. Results indicate that PEG chains added to the array spot interpenetrate into the array background, indicating that the hydrogel network in the array spot is intertwined with the network in the array background (Fig. 2) . This interpenetration was still apparent 15 days after crosslinking, indicating that a stable interpenetrated network exists at the interface between each array spot and the array background. These data support our observation (not shown) that hydrogels formed within array spots do not dissociate from the hydrogel array during vigorous handling.
Hydrogel networks containing degradable DTT bridges can also be formed within array wells via photo-crosslinking. The presence of DTT has a significant influence on initial hydrogel swelling and degradation over time (Fig. 3) . Hydrogels were prepared with 10% (w/v) PEGDA (M w ¼ 8 kDa) and 0 mM [DTT] 12.5 mM. The equilibrium swelling ratio of hydrogels containing no DTT (22.2 AE 1.3) increases substantially to 25.5 AE 1.1, 29.7 AE 1.0, 32.8 AE 1.9, 37.3 AE 3.5, and 46.8 AE 2.1 with 2.5 mM, 5 mM, 7.5 mM, 10 mM, and 12.5 mM DTT included, respectively (Fig. 3) . This increasing equilibrium swelling ratio can be attributed to an increase in the average molecular weight of chains at the outset of photo-crosslinking, which is due to step growth polymerization of PEGDA in the presence of DTT, as described in our previous study [39] . Similarly, degradation of hydrogel arrays proceeds in a spatially homogeneous manner, with array spots degrading in concert with the background hydrogel. All hydrogels that include DTT bridges increased their equilibrium swelling ratio with incubation time in PBS (Fig. 3) . In contrast, the Q m of hydrogel arrays without DTT does not significantly increase with time, as expected. The degradation process in these hydrogel arrays is similar to degradable hydrogels formed without array spots described in our previous work [39] .
Cell culture in 3-D PEG hydrogel arrays
Multiple cell types can be cultured within non-modified PEG hydrogel arrays, and cell viability is dependent on cell type and array preparation technique (automated versus manual) (Fig. 4) . Viability of primary cell types, HUVECs (17.3 AE 7.6% viability at 7 days) and hMSCs (17 AE 3.5% at 7 days), was significantly lower when compared with the NIH-3T3 fibroblast line (38 AE 5.4% at 7 days) in array spots formed manually (Fig. 4) . Similarly, NIH-3T3 cells in arrays formed via an automated process showed higher viability at 7 days (54.7 AE 3.3%) than HUVECs (52.6 AE 2.7%) or hMSCs (29.5 AE 3.4%). In addition, 7 days after array preparation the NIH-3T3 viability was higher in the hydrogel array spots formed via an automated liquid handler when compared with NIH-3T3 cells in array spots formed manually. Viability of HUVECs and hMSCs was significantly enhanced in hydrogel array spots formed via an automated process at 3, 5, and 7 days post-preparation when compared with these same cell types in array spots formed manually. It is noteworthy that the loss of viability in non-modified PEG hydrogels is consistent with previously published studies of cells in PEG hydrogels formed via conventional approaches [7, 17, 32] .
The cell seeding density in hydrogel array spots can be readily controlled and varied over a wide range (Fig. 5) . NIH-3T3 cells were incorporated into a PEG hydrogel array at concentrations of 1 Â10
5 -2 Â 10 6 cells/ml, and there was a direct correlation between the number of cells initially incorporated during array preparation, and the number of cells quantitatively measured within array spots at 24 h after cell seeding, as expected (Fig. 5F , R 2 ¼ 0.99). This control over cell density allowed us to characterize the influence of cell density on the viability of NIH-3T3 fibroblasts. An increase in cell seeding density from 5 Â 10 5 cells/ml to 2 Â 10 6 cells/ml resulted in a slight but not significant increase in NIH-3T3 viability 3 and 5 days after initial cell seeding. Seven days after cell seeding this effect was more pronounced, and there was a significant increase in cell viability with increasing NIH-3T3 seeding density (Fig. 5G , ANOVA p < 0.05).
Cell culture in 3-D natural hydrogel arrays
Viable NIH-3T3 fibroblasts could be incorporated in a controllable manner into type I collagen hydrogels within hydrogel arrays (Fig. 6A) . The cell seeding density could be readily varied (Fig. 6B) in a manner similar to the synthetic hydrogel array spots described above (Fig. 5) . Virtually all cells observed in these collagen hydrogel spots were viable at all time points and cell densities examined (Fig. 6 ). Cells demonstrated spreading (Fig. 6C and D) and formation of localized cell aggregates (Fig. 6C and D) over time in culture. The aggregation of fibroblasts seeded within collagen hydrogels could possibly be caused by contraction of collagen gel in the array spot. However, there is no direct evidence of this contraction, as array spots remain intact for the duration of the experiment.
Screening for the influence of ECM parameters on HL-1 cardiomyocyte viability
Hydrogel arrays were next used as an enhanced throughput culture system to screen for the effects of multiple ECM parameters on the viability of HL-1 cardiomyocytes, a cell type that has not been previously cultured in a 3-D context. In PEG hydrogels prepared without a cell adhesion ligand, ECM degradation led to significant decreases in HL-1 viability at 3, 5, and 7 days after initial cell seeding (Fig. 7) . In contrast, covalent incorporation of the fibronectin-derived cell adhesion peptide RGDSP into PEG hydrogel networks led to a significant enhancement in viability in both degradable and non-degradable hydrogels (Figs. 8 and 9 ). Fourteen days after initial cell seeding HL-1 viability was 42.7 AE 5.2% in nondegradable array spots without RGDSP, while viability increased to 54.8 AE 3.5%, 66.9 AE 2.5%, and 69.3 AE 3.3% in hydrogel arrays with 7 mM, 35 mM, and 70 mM RGDSP, respectively.
Interestingly, the influence of RGDSP on HL-1 was more pronounced and was evident earlier in degradable hydrogel arrays when compared to non-degradable hydrogel arrays (Fig. 9) . The presence of RGDSP appears to enhance HL-1 viability 7 days after cell seeding in degradable hydrogels prepared with 2.5 mM DTT bridges, but the effect is not statistically significant. In contrast, RGDSP improved HL-1 viability in a dose-dependent manner 5 and 7 days after cell seeding in degradable hydrogels prepared with 5 mM DTT bridges. It is noteworthy that in degrading hydrogel arrays that included the maximum amount of RGDSP, there was no significant decrease in HL-1 viability between day 1 and day 7 after cell seeding (Figs. 8 and 9 ), indicating that the presence of RGDSP promotes survival of HL-1 cells during ECM degradation. Taken together, these data validate that hydrogel arrays can be used to explore the impact of multiple quantities of multiple synthetic ECM signals on cell behavior.
Discussion
We have developed an automated method to create adaptable hydrogel arrays for cell culture and tissue engineering. Results indicate that the hydrogel network chemistry (natural and synthetic), cell type, cell density, cell adhesion ligand density, and degradability within each array spot can be systematically varied. These arrays can therefore be used to explore the influence of synthetic and natural ECM parameters on the viability of multiple cell types, including immortalized cell lines (e.g. NIH-3T3 fibroblasts, HL-1 cardiomyocytes) and primary human cells (e.g. HUVECs, hMSCs). A particular value of this approach is the ability to screen for the influence of ECM characteristics on behavior of important cell types that have not been previously cultured in 3-D matrices. We demonstrate this capability herein with HL-1 cardiomyocytes, an immortalized cell line that has been shown to maintain differentiated adult cardiomyocyte phenotype [37] . In principle, this automated Our data indicate that specific physical properties of spots in hydrogel arrays can be readily controlled. The crosslinking density and degradability of array spots are dictated by the molecular weight of PEG-diacrylate precursor molecules in PEG networks and the amount of degradable DTT bridges incorporated into (PEG-DTT) n -PEG networks (Fig. 3) , respectively. An inherent challenge in previously developed hydrogel arrays has been the propensity of hydrogels to change their physical properties over time [43] . For example, hydrogels swell in aqueous solution and their swollen volume changes during degradation and erosion. When hydrogels are synthesized within the confines of a rigid mold (e.g. PDMS, silicon, polystyrene multi-well plates) they are not able to undergo isotropic swelling to equilibrium due to the surrounding rigid material, and their physical properties during swelling, degradation, and erosion are likely to differ from the properties of a freestanding hydrogel or a hydrogel placed into an in vivo location. The approach described herein creates a background material and wells that degrades in a controllable manner (Fig. 3) . Therefore, the background can be designed to swell and degrade in concert with array spots to explore the influence of degradation on cell behavior (Fig. 7) . Therefore, the entire array can change its physical properties (e.g. swelling, mechanics, degradation, erosion) in concert, allowing one to explore ECM materials with various equilibrium swelling ratios and degradability. It is also possible to generate arrays in which the array spots are degradable but the background does not degrade (see Supplementary data, Fig. S2 ), as well as arrays in which the background and spots degrade at variable rates (see Supplementary data, Fig. S3 ). These experimental conditions result in confinement of degrading array spots if they degrade faster than the background hydrogel, or strain on array spots if they degrade slower than the background hydrogel. The ability to tailor the dynamic properties of hydrogel array spots and the background hydrogel independently may ultimately allow for more direct mimicry of in vivo applications, in which hydrogel matrices are injected or implanted into environments that are inherently changing their physical properties over time.
Our data also indicate that specific biological properties of spots in hydrogel arrays can be readily controlled. The cell density in each array spot is simply defined by the cell number added in the hydrogel precursor solution, and the results demonstrate that the density can be varied over a wide range (1 Â10 5 -2 Â 10 6 cells/ml).
This range is arbitrarily chosen and could likely be expanded by increasing or decreasing the cell density in the hydrogel precursor solution. The ability to vary cell density is important in view of previous studies, which have shown that changes in cell density in 3-D PEG hydrogels strongly influence cell survival and differentiated function [44] . Herein we found that NIH-3T3 cell viability is improved after 7 days of culture at high cell seeding densities when compared with culture at lower seeding densities (Fig. 5) . When NIH-3T3 fibroblasts, which require an adherent substrate to attach and grow, were encapsulated within non-modified hydrogels, which are resistant to cell adhesion, viable cells tended to exist as cell aggregates (e.g. Fig. 5E ). Based on these observations, we speculate that at higher cell seeding density the formation of cell aggregates was more prevalent, leading to greater cell viability. The ECM can also be modified to include peptides, such as the fibronectin-derived cell adhesion ligand (RGDSP), and the peptide concentration can be varied (7 mM < [RGDSP] < 70 mM). Importantly, both synthetic and natural hydrogels can be explored as cell culture matrices in this format, as demonstrated by the formation of collagen array spots (Fig. 6) . Therefore, in contrast to the previous methods used to generate patterned hydrogel networks, our approach for hydrogel array synthesis does not require light-sensitive precursor materials, which may improve accessibility of this approach by those interested in naturally derived ECMs. Our results validate that 3-D hydrogel arrays can be used as platforms for enhanced throughput, 3-D culture of cell types with a long history of 3-D culture, including HUVECs [45] , hMSCs [7, 17, 26] , and NIH-3T3 cells [46] . Importantly, the array format described here can also be used to screen for the influence of 3-D ECM cues on the behavior of key cell types that do not yet have a history of 3-D culture. This capability is demonstrated here via culture of HL-1 cardiomyocytes, a cell line that has been previously shown to be an appropriate model cell type for cardiomyocyte apoptosis, cell cycle regulation, electrophysiology, oxidative stress, signal transduction, transcriptional regulation, and cell transplantation (reviewed in Ref. [37] ). Our results indicate that the fibronectin-derived cell adhesion ligand RGDSP has a significant, dose-dependent influence on HL-1 cardiomyocyte viability within 3-D PEG hydrogels. This result is consistent with the previous 2-D culture studies of HL-1 cardiomyocytes, in which fibronectin was required for cell growth while maintaining differentiated function [47] . Furthermore, the influence of RGDSP is more pronounced within degradable PEG hydrogels when compared to non-degradable PEG hydrogels, particularly at early time points. HL-1 cell viability decreases with hydrogel degradability in the absence of RGDSP, but RGDSP promotes increased viability in a dose-dependent manner in both non-degradable and degradable PEG hydrogels. This dose-dependent influence is more pronounced, and apparent at earlier time points in more highly degradable networks (Fig. 9, day 3 , day 5, and day 7) when compared to non-degradable networks (Fig. 8, day 14) . Interestingly, we found that HL-1 cell viability was maintained at high levels (>85%, Fig. 9 ) in degradable hydrogels in which the maximum [RGDSP] was included (70 mM).
One likely reason for these dependencies is that as the hydrogel degrades, the swollen volume increases, which leads to decreases in the effective RGDSP concentration. Therefore, higher initial RGDSP ligand concentrations are needed to maintain a high ligand presentation to HL-1 cells within a degrading network. Taken together, these results suggest that the RGDSP ligand may be particularly important in cardiac tissue engineering applications, in which the ECM surrounding cardiomyocytes is often designed to degrade over time.
The mechanism for array synthesis described herein is simple, rapid, and adaptable relative to hydrogel arrays described in previous studies. Previous studies in 2-D and 3-D culture work have used photolithographic techniques [31, [33] [34] [35] , laminar flow [36, [49] [50] [51] [52] , and combinations thereof [32, 53, 54] , to generate microarrays of photo-reactive polymers. Although these previous studies provide valuable insights into the effects of ECM signals on cell behavior, photolithographic techniques are typically limited to the use of photo-reactive polymers, and laminar flow is dimensionally limited to micro-scale materials. In contrast, the approach described here can be used to explore multiple natural and synthetic base materials without regard to the polymerization mechanism or spatial dimension. The use of an automated liquid handler also enables a large number of separate array spots to be synthesized rapidly. In the current format, 16 1 ml array spots can be processed in 4 min, a production rate of 15 s/array spot, which implies that hundreds of 3-D environments can be practically analyzed. In principle, this technique can also be scaled to smaller array spots, as liquid handler systems are routinely able to pipette 0.1 ml. Although the manual analysis of viable cell number performed in this manuscript is not high-throughput, there are several high-content image analysis techniques and software tools available [17, 48] that could be readily used in conjunction with this array processing approach to enhance analysis throughput.
It is noteworthy that viability of primary cell types (HUVECs and hMSCs) was significantly enhanced in hydrogel arrays produced using an automated liquid handler when compared to cells in arrays produced by manual pipetting (Fig. 4) . It is possible that automated array synthesis decreases cell death by decreasing the amount of time cells must remain in suspension prior to photocrosslinking, as the manual array processing rate (90 s/spot) was approximately 6-fold longer than the automated processing rate (15 s/spot). Indeed, our results (see Supplementary data, Fig. S4 ) indicate that there is a decrease in viable cell number per well as the amount of time cells are suspended in PEGDA solution prior to photo-crosslinking is increased. Cell viability also decreases further after the cells are subjected to ultraviolet light exposure for 3 min, as expected.
